Abstract: A multi-criteria approach is presented for the assessment of alternative means for covering the energy needs (electricity and heat) of an industrial unit, taking into consideration sustainability aspects. The procedure is first described in general terms: proper indicators are defined; next they are grouped in order to form sub-indices, which are then used to determine the composite sustainability index. The procedure is applied for the evaluation of three alternative systems. The three systems are placed in order of preference, which depends on the criteria used. In addition to conclusions reached as a result of the particular case study, recommendations for future work are given.
Introduction
In 1987 the document known as "the Brundtland Report" was published, raising the concern about sustainable development and introducing the definition of sustainability as the way to meet the needs of the present without compromising the ability of future generations to meet their own needs [1] . The three pillars of sustainability are the environmental performance, the social responsibility and the economic contribution, also called the "triple bottom line" concept.
As noted by Lior [2] ,
"While providing an ethical and sensible direction, it is obvious that it is very difficult to quantify (sustainability), since it does not define what the current needs are, what the

From Sustainability Indicators to Composite Sustainability Index
There are numerous indicators that can be used to assess the performance of an energy conversion system [2, 4, 5] . Each indicator reveals a certain aspect of the system performance, which is important. However, it may be difficult to make decisions as to, e.g., which of the options available is preferable from the sustainability point of view, based on a large number of indicators. For this purpose, sub-indices and a composite index are helpful. The aggregation of different indicators into a properly constructed index is not something trivial and many approaches can be followed. Here, a variation of the methods described in [4, 6] is applied. The procedure is described in the following and depicted in Figure 1 .
Selection and Grouping of Indicators
The first step is to select proper performance indicators reflecting different aspects of sustainability. There may be aspects of sustainability that can be only qualitatively described (e.g., certain social aspects), but for the assessment of energy systems every possible effort should be made to define quantitative indicators.
The concept of three pillars mentioned in the Introduction is extended in the case of energy systems to four pillars: technical, environmental, economic and social. Thus, it facilitates the evaluation, if the indicators are classified in four groups:
 Technical indicators (energetic efficiency, exergetic efficiency, power density, fuel consumption, reliability, availability, etc.)  Environmental indicators (quantities of emitted pollutants, effect on health, effect on flora and fauna, etc.)  Economic indicators (life cycle cost, internal rate of return, payback period, etc.)  Social indicators (job creation, general welfare, etc.).
The indicator i of group j will be symbolized with ij I . The groups will be numbered in the order they are mentioned above (technical: j = 1, environmental: j = 2, economic: j = 3, social: j = 4).
Figure 1.
Steps for calculation of composite sustainability index (adapted from [6] 
Judging the Indicators
For certain indicators (e.g., efficiency), an increasing value reflects a positive effect on sustainability ("more is better"). For other indicators (e.g., emission of pollutants), an increasing value reflects a negative effect on sustainability ("less is better"). A judgment of the indicators in each group from this point of view will facilitate the analysis, as it will be shown in the following subsection.
Normalizing the Indicators
The indicators may be expressed in different units and consequently they cannot be used in their initial form for the calculation of the sub-indices and of the composite sustainability index. For this purpose, there is need of normalization. Even though more elaborate techniques can be found, for the purposes of this work it is suitable to normalize the indicators as follows.
For an indicator of the type "more is better":
For an indicator of the type "less is better":
In Equations (1) and (2) 
Weighting the Indicators and Calculating the Sub-Indices
It is desirable to calculate a sustainability sub-index for each group of indicators, taking into consideration the importance of each indicator. However, it is difficult, if at all possible, to determine with sufficient accuracy the individual importance of each indicator. Therefore, pair-wise comparison has been introduced in the literature [6, 7] , which leads to relative weights of indicators. Using this technique, the Sustainability Sub-index of group j, Sj I , is determined by the equation:
where ij w is the relative weight of indicator i in group j of indicators, defined in such a way that the following equation is satisfied:
The Composite Sustainability Index
The procedure used in the preceding subsection to determine the sub-indices, is used also to determine the composite sustainability index, CS I :
where j w is the relative weight given to the group j of indicators, defined in such a way that the following equation is satisfied:
These weights reflect the importance given to the technical, environmental, economic and social performance of a system.
Case Study: Assessment of Alternative Energy Systems Related to An Industrial Unit
The procedure described in the preceding section is applied here in order to assess the performance of alternative means for covering the energy needs (electrical and thermal energy) of an industrial unit.
Selection of Indicators
The indicators defined in Table 1 are selected. It is recognized that these indicators belong to three groups: technical (i = 1-4), environmental (i = 5-10) and economic (i = 11-12). Unfortunately, due to lack of sufficient data, it has not been possible to include social indicators in the analysis.
Energy Needs of the Industrial Unit and Alternative Energy Systems
A steady state operation of the industrial unit is considered that requires electric power and saturated steam as specified in Table 2 (taken purposefully from [8, 9] , with certain adaptations). Table 2 . Energy needs of the industrial unit. Three alternative systems are considered for covering the aforementioned needs:
System A: Electricity from the local network and steam from a boiler operating with natural gas and located in the industrial unit. System B: Gas turbine cogeneration system operating with natural gas, as the one described in the CGAM Problem [8, 9] . System C: Cogeneration system with dual fuel reciprocating internal combustion engine.
Values of the parameters common to all three alternatives are given in Table 3 . The heat flow rate required by the industrial unit and its exergy content are calculated with the equations:
The specific enthalpy (h) and entropy (s) of feed water and saturated steam for the properties given in Table 2 are obtained from steam tables, while T 0 is given in Table 3 . The results are as follows:
Specific emissions (mass of pollutant per kWh) have been adapted from [10] , taking into consideration that the efficiencies of the systems examined here are different from the efficiencies considered in [10] and assuming that the quantity of each emitted pollutant is inversely proportional to the efficiency of a plant. Values for the external environmental costs are taken from [11] . Related data is given in Table 4 . 
Additional Information about System A
Additional data about System A is given in Table 5 . Table 5 . Additional data for System A.
Technical Data
Efficiency of the electricity generation and supply by the local network:
Contribution of fuels to the electricity production (small contribution from other sources is neglected) Lignite: Natural gas: Petroleum products:
61.6% 21.4% 17.0% Exergy to energy ratio of fuels used for electricity generation by the network (weighted average): 
Exergetic efficiency of the electricity network:
, ,,
Volumetric flow rate of fuel consumed by the boiler:
Exergy flow rate of fuel consumed by the boiler:
Total exergetic efficiency of System A:
Additional Information about System B
The electric and thermal power of the system matches the loads. Additional data is given in Table 6 , while a more detailed analysis appears in [9] . Table 6 . Additional data for System B. 
Technical Data
Additional Information about System C
The cogeneration system comprises a dual fuel engine with 90% of power coming from natural gas and 10% from Diesel oil. The electric power of the system is specified to be equal to the electric load of the industrial unit. Due to higher power to heat ratio of the dual fuel engine (as compared to the gas turbine), the useful thermal power of the engine is lower than the thermal load. Therefore a natural gas boiler is installed to supplement with the heat needed. Additional data is given in Table 7 . Table 7 . Additional data for System C. Volumetric flow rate of natural gas consumed by the dual fuel engine: 
Exergy flow rate of steam produced by the boiler:
Total exergetic efficiency of System C:
Results and Discussion
Calculation of Indicators, Sub-Indices and the Composite Sustainability Index
The data and equations presented in the preceding section are used to obtain the values of the indicators appearing in Table 1 . The net present cost, in particular, is given by the equation:
where C 0 is the cost of investment (installed cost of each system) and C t , t = 1-N, is the total operation and maintenance cost (in other words the total cost for covering the energy needs) in year t. The C t for the net present cost including environmental externalities, NPC env , has one additional term corresponding to the environmental cost due to the pollutants:
, , , , ,
where m k is the annual emissions of pollutant k and c env,k is the unit environmental cost due to pollutant k, as given in Table 4 . The values of the indicators are given in Table 8 . In order to calculate the normalized values of the indicators, there is need to specify the lower and upper threshold for each indicator, which are the same for all three systems. There are several ways for doing so; the rational followed here is as follows.
For all the efficiencies, a lower threshold of zero (0) has been considered. For the electric energetic efficiency, e  , the upper threshold is set equal to the efficiency of a Carnot cycle operating between the environmental temperature (298.15 K) and the temperature at the exit of the combustion chamber of the System B which, under certain assumptions, is 1486.7 K. Thus: 
For the energetic efficiency of the boilers and all the exergetic efficiencies an upper threshold of 1 has been considered, because this is the thermodynamic upper limit of these efficiencies. For all the other indicators, the lower threshold has been set equal to the lowest value of the indicator among the three alternative systems, while the upper threshold has been set equal to the highest value of the indicator among the three alternative systems. Thus, the thresholds given in Table 9 and the normalized values given in Table 10 are obtained. In the last row in Table 10 the arithmetic average value of the indicators for each system is given.
Next step in the procedure is the calculation of the sub-indices. Taking into consideration that the selection of the weighting factors is subjective and that there is an unlimited combination of values, it will be considered here that the relative weight in each group is the same for all the indicators (any other decision can be taken and the calculations are repeated easily). Thus, Equations. (3) and (4) give the following: 
Finally, the composite sustainability index is calculated. As with the indicators, the same relative weights will be considered for the three sub-indices and consequently Equations (5) and (6) give:
The results are given in Table 11 . 
Graphical Presentation of the Results
It is common practice in multi-criteria analyses to present the results on an "amoeba" plot. The plots obtained with the values of the indicators (Table 10) The amoeba plots have two disadvantages: (i) the surface area depends on the order in which the indicators are placed, and (ii) it is not easy to calculate the surface area. Thus, the viewer obtains a general impression but not concrete values. In order to overcome these disadvantages, a presentation by means of sectors in a circle is proposed here, as it appears in Figure 3: 
The results for the three systems are as follows:
Sectorial plots can be drawn also with the sub-indices, as shown in Figure 4 . 
Comments on the Results
The results of Subsections 4.1 and 4.2 lead to the following comments. With pure thermodynamic criteria (efficiencies), the best option is the dual fuel unit combined with a boiler for supplementary thermal energy, while the gas turbine cogeneration system comes second. This is due to the high electric efficiency of the dual fuel engine, which gives a high exergetic efficiency for this system.
From the environmental point of view, the best option is the gas turbine system and the worst option is the system with the duel fuel engine, because of relatively high NO x , CO and UHC emissions (according to the source of related information used in this work).
From the economic point of view, either with or without environmental externalities, the best option is the gas turbine cogeneration system, while the worst option is the separate production of electricity and heat.
If the indicators are taken into consideration not in groups but individually, then the best option is still the gas turbine system, but the worst one is the system with the duel fuel engine ( Figure. (Table 10 ). This is due to the fact that the environmental indicators have a stronger impact due not only to their values, but also to their number: they are six, while the thermodynamic indicators are four and the economic indicators are only two. The composite sustainability index gives the same order of preference as the economic indicators (Table 11 and Figure 4 ).
Conclusions and Recommendations
With the multi-criteria evaluation procedure presented in the preceding sections, the performance of an energy conversion system from various points of view can be assessed and the alternatives available for covering energy needs can be compared with each other from various points of view. It is advisable that such a procedure is applied to complement the usual energetic, exergetic, economic or thermoeconomic analysis. The sectorial plot is introduced here as a clearer (as compared to the usual amoeba plot) picture of a multi-criteria assessment.
It is important to note that the order of preference among alternatives is affected by grouping of the indicators: the more indicators are placed in a group, the weaker their impact on the composite sustainability index.
In the procedure applied in this work, fuel is the only resource taken into consideration and this is done implicitly through the efficiencies. It is useful to supplement the evaluation procedure with indicators derived with a life-cycle approach (e.g., eco-indicators).
